The yellow-bellied sea snake, Pelamis platurus (Elapidae, Hydrophiinae), has the largest distribution of any snake species, and patterns related to its distribution and regional color variation suggest there is population structuring in this species. Here, we use mitochondrial (ND4, Cyt-b) and nuclear (RAG-1) DNA to (1) test whether genetic variation is associated with local variation in color pattern, and (2) assess whether large-scale patterns of genetic variation are correlated with geographic distribution across the Pacific Ocean. We found low levels of genetic variation and shallow population structure that are correlated with local variation in color pattern and with geographic distribution. The low levels of genetic divergence indicate a relatively high rate of gene flow throughout the Pacific region and/or a recent expansion of range, both of which could be attributable to the passive drifting of these snakes on oceanic surface currents. The mtDNA data conform closely to a model of past exponential population growth, and this may have been associated with the species' large eastward and westward expansion of range. The pattern of low nucleotide and high haplotype diversity suggests that this population growth occurred in the relatively recent past. Data from drifting buoys can potentially act as informative models for predicting patterns of drifting in Pelamis and for generating additional testable hypotheses relating to its population structure and biogeography. Future studies should employ nuclear microsatellite markers to investigate population structure in this species at a finer scale. The exploitation of oceanic currents as a novel and highly efficient dispersal mechanism has likely facilitated gene flow throughout the Pacific Ocean in this uniquely pelagic species of sea snake, resulting in a distribution spanning over half of the earth's circumference.
Introduction
The colonization of tropical marine habitats has occurred independently in the snake lineages Acrochordidae, Laticaudinae, Homolopsidae, and Hydrophiini. With more than 60 species in 19 genera currently recognized, the Hydrophiini, or true sea snakes, are the most diverse and the most widely distributed of all the lineages of marine snakes (Heatwole 1999; . Most of the Hydrophiini are distributed from the western Pacific through Indonesia and northern Australia to the Persian Gulf (Heatwole 1999) . However, the yellow-bellied sea snake (Pelamis platurus) is uniquely pelagic and ranges throughout the tropical and subtropical waters of the Pacific and Indian Oceans (Heatwole 1999) . It is the only species of sea snake that has colonized the far eastern Pacific and western Indian Oceans (Kropach 1975) . As a result, Pelamis has the largest distribution of any snake, marine or terrestrial (Minton 1975) . However, despite its exceptionally wide distribution, we thought this species might be heterogeneous throughout the Indo-Pacific region. Museum records and collection data suggest that Pelamis is more commonly associated with the relatively shallow waters of continental shelves and island archipelagos, and less common or absent in the deepest waters (Hecht et al. 1974; Heatwole 1999) . Consequently, extensive gaps associated with deep-water may restrict gene flow causing regional population structuring within the species (Heatwole 1999) .
Population structure may also be correlated with variation in color pattern in this species. Snakes along much of the Pacific coast of Costa Rica exhibit the species' typical color pattern consisting of a dark dorsum and yellow venter, which may contain a brown stripe, black markings, neither, or both (Tu 1976; Fig. 1A) . This variation in color pattern is continuous and occurs throughout the range of the species (Kropach 1975) . However, a southern Costa Rican population consists of yellow individuals within Golfo Dulce (Kropach 1975; Soló rzano 2011; Bessesen 2012) . This yellow population is characterized by lacking black color altogether or having it reduced to small sparse patches of dark pigment on the dorsum or top of the head (Soló rzano 2011; Bessesen 2012) (Fig. 1B) . Soló rzano (2011) and Bessesen (2012) found that all of the Pelamis in the far inner Golfo Dulce basin were yellow and hypothesized that the effects of topography on oceanic currents flowing along the coast and within the Gulf may be maintaining this polychromatism by restricting gene flow into and out of the inner Gulf.
Patterns related to distribution and regional variation in color suggests there is structuring of Pelamis populations. However, little is known regarding levels of genetic variation across the range of this species. Thus, the goals of this study are two-fold. First, we use mitochondrial (mt) and nuclear (n) DNA to test if genetic diversity is associated with color pattern variation in Costa Rican populations. Second, we assess whether phylogeographic patterns are correlated with geographic distribution across the Pacific Ocean.
Methods

Collection of data
Individuals of Pelamis platurus with normal color pattern were collected from the Golfo de Papagayo, Guanacaste, Costa Rica (n ¼ 16), and from the Taiwan Strait near Hsinchu County, Taiwan (n ¼ 1) (Table 1 ). Yellow Pelamis (n ¼ 11) were collected from Golfo Dulce, Puntarenas, Costa Rica. Snakes in Costa Rica were usually collected along slicks from a small boat by hand or by using a handheld net (Brischoux and Lillywhite 2011) and subsequently released following collection of tissue. Small samples of tissue were collected from live snakes by -H6)  refer to Tables 3 and 4 , respectively, and to the ND4 gene tree (Fig. 2) . The dotted line in the Cyt-b network represents an alternative link between a hypothetical haplotype and haplotype H1. 322 C. M. Sheehy III et al. removing the tip of the tail (usually only the terminal scale) using micro-surgical scissors. Muscle tissue was also collected from dead snakes. Tissue samples were stored in either 95-100% ethanol or tissue lysis buffer in the field. Snake tissues were taken from both sexes (determined by examining the tail for the presence of hemipenes) and from a variety of age classes.
Extraction of DNA, amplification, and sequencing Genomic DNA was extracted from tissues using a Qiagen DNeasy kit (Qiagen, Valencia, California, USA). Three loci were used: (1) a 620-base pair-fragment of the mitochondrial NADH dehydrogenase subunit 4 (ND4) without tRNAs, (2) a 828-base pair-fragment of the mitochondrial cytochrome-b gene (Cyt-b), and (3) a 955-base pair-fragment of the nuclear Phylogeography of Pelamis platurus 323 recombination activating gene 1 (RAG-1). Gene fragments were amplified using polymerase chain reactions (PCR) (see Table 2 for primers used). All amplification reactions used GoTaq Õ Green Master Mix, 2X (Promega Corporation, Madison, Wisconsin, USA). Thermal cycling was performed on a GeneAmp Õ PCR System 9700 machine (Applied BioSciences, Foster City, California, USA). PCR product was quantified by visualization on 1% agarose gel stained with ethidium bromide. Successfully amplified PCR products were prepared for sequencing by using the ExoSAP-IT kit (United States Biochemical). A BigDye Terminator Cycle Sequencing Kit (Applied Biosystems Inc.) was used for sequencing following the manufacturer's protocol and using PCR primers. The sequenced products were precipitated, using an ethanol/sodium acetate method, and rehydrated in HPLC purified formamide (HIDI). The sample was then analyzed on an ABI PRISM 3100xl Genetic Analyzer in the Genomics Core Facility at the University of Texas at Arlington, USA. Resulting DNA sequences were submitted to GenBank (Table 1 for accession numbers).
ND4 sequences of Pelamis (n ¼ 31) were obtained from sites in Golfo de Papagayo, Costa Rica (n ¼ 16), Golfo Dulce, Costa Rica (n ¼ 11), and Taiwan (n ¼ 1). ND4 sequences from Panama (n ¼ 1) and Australia (n ¼ 2) were downloaded from GenBank (Table 1) . Cyt-b sequences (n ¼ 9) were obtained from sites in Golfo de Papagayo, Costa Rica (n ¼ 2) and Golfo Dulce, Costa Rica (n ¼ 3). Cyt-b sequences from Australia (n ¼ 4) were downloaded from GenBank (Table 1) . RAG-1 sequences (n ¼ 5) were obtained from sites in Golfo de Papagayo, Costa Rica (n ¼ 1) and Golfo Dulce, Costa Rica (n ¼ 2). RAG-1 sequences from Australia (n ¼ 2) were downloaded from GenBank (Table 1) . Alignments were constructed using the program Sequencher 4.8 (Gene Codes Corporation, Ann Arbor, Michigan, USA) and edited by eye using MacClade 4.08 (Maddison and Maddison 2005) . Base pair differences among sequences were generated in MEGA 5 (Tamura et al. 2011 ).
Population genetics
Haplotype diversity (h) and nucleotide (per site) diversity () were calculated for 31 ND4 sequences using the computer program DnaSP v5 (Librado and Rozas 2009) . Haplotype mismatch distributions were constructed in DnaSP using the R 2 test, which tests for past exponential population growth in datasets with small sample sizes (Ramos-Onsins and Rozas 2002). Haplotype networks were generated using parsimony criteria with 95% plausibility in TCS 1.13 (Clement et al. 2000) .
To determine whether the yellow Pelamis in Golfo Dulce are genetically different from snakes with normal variation in color pattern in the Golfo de Papagayo, we used DnaSP v5 (Librado and Rozas 2009 ) to implement four statistical tests for detecting geographic subdivision (i.e., V 2 , H S , K S *, and Z*) (Hudson et al. 1992) . Significance for the V 2 test was assessed by comparing the observed values with the critical values of the V 2 distribution, whereas significance for the remaining statistics was assessed by permutation tests with 1000 replicates (Hudson et al. 1992 ).
Phylogenetic analyses
Phylogenetic analyses were conducted using maximum parsimony (MP), maximum-likelihood (ML), and Bayesian methods using the 31 ND4 sequences. Because the genus Pelamis is monotypic, we used three closely-related members of the Hydrophis group (Ukuwela et al. 2012) to root the trees. The model test option in MEGA 5 identified the Hasegawa-Kishino-Yano model (Hasegawa et al. 1985) plus gamma (HKYþG) as the best-fit model of molecular evolution for the ND4 dataset based on Akaike Information Criterion. A discrete gamma distribution was used to model differences in evolutionary rate among sites (five categories). The ML analyses (using the HKYþG model) and equally weighted MP analyses were conducted in MEGA 5.
Bayesian analyses were conducted with the computer program MrBayes version 3.0 (Huelsenbeck and Ronquist 2001 ) using the HKYþG model of molecular evolution with four Markov chains (three heated and one cold) per run. Two independent runs were conducted simultaneously, and we determined stationarity to be reached when the standard deviation of the split frequencies became less than 0.01. We ran the analysis for 1,000,000 generations while sampling trees every 1000 generations. The analysis generated 1000 trees, and stationarity was reached after approximately 150,000 generations (150 sampled trees). Therefore, the initial 25% of the stored trees (the first 250 sampled trees) were discarded as burn-in, and a 50% majority rule consensus tree with estimates of Bayesian support was constructed using the remaining 750 sampled trees. Nodal support was provided by bootstrapping for ML (1000 pseudoreplicates) and MP (2000 pseudoreplicates) analyses, whereas posterior probabilities provided nodal support for Bayesian analyses. Because all three analyses produced similar tree topologies, only the ML tree is shown with support values for all three analyses (Fig. 2) .
Results
Population genetics
Analysis of 31 ND4 sequences from five Pacific Ocean localities identified five closely related haplotypes, two of which were relatively common (n ¼ 13 and n ¼ 15) and three were singletons (Fig. 1C) . Analysis of nine Cyt-b sequences identified six closely related haplotypes, three of which were found in two individuals each and three were singletons (Fig. 1D) . Analysis of 5 RAG-1 sequences identified two haplotypes, of which one was common and one was a singleton. Because the RAG-1 sequences contained just one uninformative polymorphic site, further results for RAG-1 are not presented. Haplotype diversity was relatively high for both mtDNA gene fragments (ND4: h ¼ 0.61 AE 0.05 SD; Cyt-b: h ¼ 0.92 AE 0.07 SD), whereas nucleotide diversity was relatively low (ND4: % ¼ 0.11 AE 0.0002 SD; Cyt-b: % ¼ 0.20 AE 0.0004 SD). The observed ND4 sequence data conformed closely to the expected values under a model of past exponential population growth in the haplotype mismatch distribution (Fig. 3) . The results of the K S * and Z* tests between Golfo Dulce and Golfo de Papagayo localities in Costa Rica were significant (P50.05); however, the results of neither the V 2 test nor the H S test were significant (P40.05).
Base-pair differences
Sequence divergences within and between all localities had a range of 0.0-0.32% for ND4 and 0.0-0.46% for Cyt-b. However, due to their high similarity, we prefer to present differences between sequences in terms of base pairs. For the Costa Rican localities, ND4 sequences differed by 0-1 bases (n ¼ 16) within Golfo de Papagayo, 0-1 bases (Fig. 1B) , and to Table 3 . Abbreviated localities in parentheses denote regions from which samples were collected and refer to Fig. 1 
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(n ¼ 11) within Golfo Dulce, and 0-3 bases between the two sites. The Cyt-b sequences differed by 0 bases (n ¼ 2) within Golfo de Papagayo, 1-2 bases (n ¼ 3) within Golfo Dulce, and 1-3 bases between the two sites. Sequences differed by 0-2 bases (ND4) between Taiwan and the Costa Rican localities (Golfo Dulce and Golfo de Papagayo), and by 0-2 bases (ND4) and by 0-4 bases (Cyt-b) between Australia and the Costa Rican localities. ND4 sequences were identical between snakes from Australia, Taiwan, and Panama. However, ND4 sequences differed by 0-2 bases between Panama and Golfo de Papagayo, and 0-1 bases between Panama and Golfo Dulce.
Haplotype distribution
One of the five ND4 haplotypes was shared among localities in Costa Rica, Panama, Australia, and Taiwan, and one was shared only between Golfo de Papagayo and Golfo Dulce, Costa Rica ( Fig. 1C and Table 3 ). Two of the three singleton ND4 haplotypes were located in Golfo de Papagayo, and one was found in Golfo Dulce (Fig. 1C) . Three Cyt-b haplotypes were located each in Australia and Golfo Dulce, with one being shared ( Fig. 1D and Table 4 ). The remaining Cyt-b haplotype was found only in Golfo de Papagayo.
Phylogenetic analyses
Maximum likelihood, maximum parsimony, and Bayesian methods all recovered strong support for a monophyletic Pelamis platurus (Fig. 2) . One clade containing H2 and H3 ND4 haplotypes was weakly supported (61% MP bootstrap); however, that clade contained snakes from all populations sampled. Of the Pelamis collected from Costa Rica, 6 of the 10 snakes (60%) within the H2/H3 haplotype clade were from Golfo Dulce, whereas outside of that clade 12 of the 17 snakes (71%) were from Golfo de Papagayo.
Discussion
We identified shallow population structure in the yellow-bellied sea snake, Pelamis platurus, between Golfo de Papagayo and Golfo Dulce, Costa Rica. Each Costa Rican location had unique ND4 haplotypes, although they also shared haplotypes (but at different frequencies). We found no shared Cyt-b haplotypes between the two Costa Rican localities. Two of the tests for geographic subdivision (K S * and Z*) detected significant differences between snakes in Golfo de Papagayo and yellow snakes in Golfo Dulce. However, two other tests (V 2 and H S ) did not find significant differences between the two populations. Given that the test based on V 2 is usually the most powerful of the four in cases involving nonrecombining genes (Hudson et al. 1992) , it is surprising that it failed to detect significant differences when other tests did. This suggests that any genetic differences between the two Costa Rican populations are likely to be very small. The phylogenetic analyses also only weakly supported differences between the two populations. However, genetic differences between these populations may not be surprising, given that the yellow snakes in Golfo Dulce and the normal colored snakes outside of the Gulf appear to be allopatric due at least in part to a shallow inner basin sill that impedes the free exchange of water between the inner Gulf and the outer coastal areas (Svendsen et al. 2006 ; Bessesen 
2012)
. Although the population of yellow Pelamis at Golfo Dulce appears to exhibit geospatial, chromatic, and behavioral differences from the rest of the Costa Rican population (Bessesen 2012) , we refrain from recommending any taxonomic changes at this time due to the extremely shallow genetic divergence that we identified between the two populations. Insight into whether the Golfo Dulce population is in a stage of incipient speciation might be acquired using finer-scale molecular markers in conjunction with morphological studies. Genetic variation was small, but strongly correlated with geographic distribution across the Pacific Ocean. The mtDNA haplotypes show a clear signal of genetic structure. Only one of the six Cyt-b haplotypes is shared between Australia and Golfo Dulce; all the other Cyt-b haplotypes are specific for location. There were also four ND4 haplotypes unique to the eastern Pacific, although one common ND4 haplotype was shared among all locations. However, the mtDNA variation between western and eastern Pacific Ocean localities (0.0-0.32% [2 bases] for ND4) was only slightly higher than the within-variation (0.0-0.16% [1 base] for ND4) at both Costa Rican localities. These patterns of haplotype distribution and genetic variation indicate there is shallow genetic structure across the Pacific Ocean.
The pattern of relatively low nucleotide and high haplotype diversity throughout the Pacific Ocean suggests that the Pacific population of Pelamis has experienced exponential growth in the relatively recent past (Lukoschek et al. 2007; Sanders et al. , 2010 . Similarly, the mtDNA data conform closely to a model of past exponential population growth (Fig. 3) , and this may have been associated with the species' large eastward and westward expansion in range. Multiple lines of evidence suggest that the center of radiation for hydrophiine sea snakes occurred in the Australo-Papuan region from a terrestrial elapid ancestor (Keogh 1998; Lukoschek and Keogh 2006) . The absence of Pelamis in the Caribbean suggests that this species radiated eastward across the Pacific to the western coast of the Americas within the past 2-4 million years after the final closure of the Isthmus of Panama (Kropach 1975; Coates et al. 1992; Schmidt 2007) . Recent phylogenetic studies focusing on Australasian elapids in general and on the Hydrophis lineage of hydrophiine sea snakes specifically (Lukoschek and Keogh 2006; revealed rapidly-diverged adaptive radiations in these lineages that are consistent with the idea that Pelamis has undergone a recent expansion of range.
The shallow population structure and low genetic divergence identified in Pelamis suggests that a relatively high rate of gene flow is occurring throughout the Pacific region. Alternatively, this pattern could also be the result of recent range expansion but without ongoing gene flow, as demonstrated for another sea snake, Aipysurus laevis, around northern Australia (Lukoschek et al. 2007) . Although a recent range expansion likely occurred in Pelamis, its unique drifting ecology makes it likely that ongoing gene flow is occurring. Pelamis drifts passively with ocean surface currents and can commonly be found in slicks where currents converge (Dunson and Ehlert 1971; Kropach 1971; Lillywhite et al. 2010 ). In the Golfo de Papagayo, we have found Pelamis of both sexes and all age classes in slicks at a maximum rate of 120 snakes seen per hour. The association with slicks provides these snakes with several advantages such as efficiently locating food and mates (Kropach 1975) , although the methods by which they arrive at slicks are still debated (Lillywhite et al. 2010; Brischoux and Lillywhite 2011) . Thus, oceanic currents are potentially able to transport snakes throughout the Pacific Ocean basin, thereby facilitating gene flow throughout the region. Furthermore, their drifting behavior is likely what originally enabled Pelamis to expand their range across the Indo-Pacific region.
The ND4 haplotype and nucleotide diversity we recovered in Pelamis are comparable to those identified in Aipysurus laevis, which has a geographic distribution more typical of most other hydrophiine sea snakes (Lukoschek et al. 2007 ). This is surprising given that Aipysurus laevis is restricted in distribution to coral reef habitats along the northern continental shelf of Australia and New Guinea (Cogger 1975) . The similarities between the two species suggests that they have undergone similar recent histories of range expansion but that, because of their different ecologies, the expansion of range for A. laevis occurred on reef habitats around Australia whereas Pelamis expanded its range throughout the Indo-Pacific region over a similar time period.
The immense distribution coupled with the drifting behavior of Pelamis renders tracking studies of individuals extremely difficult. Kropach (1975) attempted the only mark-recapture study of this species in the Gulf of Panama, but recovery of marked individuals was low (1 out of 961 recovered in the Gulf). Because Pelamis passively drifts on surface currents and occurs over such an extensive geographic range, considerable insight can be gleaned from observing the paths of randomly drifting buoys, or drifters. Long-term data on the paths of drifters along surface currents throughout the Indo-Pacific region (Fig. 4) suggest three hypotheses regarding distribution and potential patterns of gene Phylogeography of Pelamis platurus 327 flow in Pelamis. First, the dense paths of buoys connecting the eastern and western Pacific Ocean suggest that oceanic surface currents are able to transport drifting snakes between the two sides. Second, the distribution of buoy's paths in the Pacific basin appears to be homogeneous and does not contain any gaps. Therefore, if Pelamis is drifting passively, any gaps in the distribution should be caused by other factors. The low genetic variation we identified suggests that at least some gene flow is occurring between the eastern and western parts of the Pacific basin, which would likely not occur if large distributional gaps were present. Perhaps collecting biases or nonspecific locality data for specimens are responsible for the idea that distributional gaps exist. Alternatively, the availability of prey over deep water might be lower than over continental shelves (Helfman et al. 2009 ), which may affect survival of Pelamis in these areas causing relatively small or temporary gaps. Third, there appears to be a gap in the density of buoy's paths within the Indonesian region separating the Pacific and Indian Oceans. This suggests that higher levels of genetic population structure might be found between, rather than within, the Indian and Pacific Oceans as a result of restricted gene flow between the two basins. Tissue samples from the Indian Ocean are needed to test this hypothesis. The matrilineal genes ND4 and Cyt-b are both involved with cellular respiration and may be under selection. Thus, the low genetic variation revealed in this study could potentially be due to the past occurrence of one or more selective sweeps. However, selective sweeps may affect one or a few genes, and their potential involvement can often be confirmed or rejected by the inclusion of additional independent markers (Avise 2004) . The selective-sweep scenario is unlikely in the Pelamis mtDNA markers we used given that a similar pattern of low diversity is observed independently in the nuclear gene RAG-1. Furthermore, oceanic currents provide an excellent mechanism for maintaining high levels of gene flow in this species. An additional consideration is the ability to discriminate between current and recent gene flow between Pelamis populations given its recent exponential population growth and expansion of range. Faster-evolving nuclear markers (i.e., microsatellites) will likely be needed to differentiate between these two scenarios. In summary, experimental and observational studies are improving our understanding of the historical and contemporary population biology of the yellow-bellied sea snake, Pelamis platurus, throughout its Indo-Pacific distribution. Although this study used relatively slowly evolving molecular markers, the observed patterns of variation are consistent with a scenario of relatively high levels of gene flow occurring among snakes in the Pacific Ocean. This putative gene flow may be facilitated by the propensity for Pelamis to passively drift on ocean currents. Patterns of haplotype and nucleotide diversity suggest that Pelamis likely experienced exponential population growth in the relatively recent past, which may have accompanied an expansion of range into the eastern Pacific and western Indian Oceans. The low levels of genetic variation revealed by the mtDNA suggest that future studies should employ faster-evolving nuclear markers to investigate the shallow population structure we found at a finer scale. Pelamis platurus is unique among snakes both in its tendency to drift on currents and in its immense geographic range. For perspective, the maximum straight-line distances between snake localities included in this study (15,000-16,000 km) represent $40% of the earth's circumference, and distances between the western Indian and eastern Pacific Oceans would be far greater still. Thus, a scenario can be hypothesized in which the evolution of floating behavior likely allowed Pelamis to exploit oceanic currents as a novel and highly efficient dispersal mechanism that subsequently facilitated gene flow throughout the Indo-Pacific region.
